Two-stage Kondo effect in a four-electron artificial atom 
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An artificial atom with four electrons is driven through a singlet-triplet transition by varying 
the confining potential. In the triplet, a Kondo peak with a narrow dip at drain-source voltage 
Vds=0 is observed. The low energy scale V*[ s characterizing the dip is consistent with predictions 
for the two-stage Kondo effect. The phenomenon is studied as a function of temperature T and 
magnetic field B||, parallel to the two-dimensional electron gas. The low energy scales T* and B*| 
are extracted from the behavior of the zero-bias conductance and are compared to the low energy 
scale VJs obtained from the differential conductance. Good agreement is found between fesT* and 
IpI/UsBm, but eVj a is larger, perhaps because of nonequilibrium effects. 

PACS numbers: 73.23.-b, 73.63.Kv, 73.23.Hk, 75.20.Hr 
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I. INTRODUCTION 

In recent years, much attention has been paid to ex- 
periments on the Kondo effect in nanostructures, par- 
ticularly to the spin- 1/2 Kondo effect in single-electron 
transistors .i* 2 - The Kondo effect arises when virtual tran- 
sitions from a spin degenerate level on a quantum dot 
to the continuum states in the reservoirs cause the for- 
mation of the many-body Kondo singlet. This entangled 
state leads to an enhanced conductance at low tempera- 
ture. 

The presence of ground states with spin S > 1/2 has 
been detected in semiconductor quantum dots^ and in 
carbon nanotubes. 4 Transitions between different spin 
states have also been studied. Specifically, transitions be- 
tween a spin singlet and a spin triplet ground state have 
been observed in vertical and lateral quantum dots and 
carbon nanotubes^SiLSiS In these experiments a mag- 
netic field has been used to change the energy spacing 
between two spatial orbitals, and the triplet becomes the 
ground state when the energy spacing becomes smaller 
than the Hund's-rule exchange. Kyriakidis et alm^ noted 
that, at fixed magnetic field, deforming the dot with a 
side gate voltage could also drive the singlet-triplet tran- 
sition, and Kogan et a/JJ. have observed such transitions 
in the Kondo regime at zero magnetic field in this way. 
In the absence of a magnetic field, the ground state of the 
quantum dot is degenerate if the total spin on the dot is 
different from zero, and the enhanced conductance from 
the Kondo effect is observed. One can then identify the 
regions of nonzero spin from the sharp Kondo features 
in the differential conductance^ A singlet-triplet tran- 
sition tuned by asymmetric gate voltages has also been 
reported for a quantum ring in the Coulomb-blockade 
regime at zero magnetic field^ 

There have been numerous theoretical studies of 
singlet-triplet transitions in vertical dotsi&i^i^, lateral 
dota—^Z^, and coupled dots^. In particular, Hofstetter 
and Zarand 2 ^ have studied the singlet-triplet crossover in 
a lateral quantum dot with an even number of electrons. 
They predict a two-stage Kondo effect in the triplet re- 



gion resulting from the presence of two Kondo energy 
scales, which can be very different. They have also pro- 
vided predictions for the zero-bias conductance of the 
dot as a function of a magnetic field parallel to the two- 
dimensional electron gas (2DEG) for both the singlet 
and the triplet regions as well as for the crossover re- 
gion. In particular, this dependence is predicted to be 
non-monotonic on the triplet side. They expect these 
equilibrium predictions to be qualitatively applicable to 
the description of both the temperature dependence of 
the zero-bias conductance and the drain-source voltage 
dependence of the differential conductance, even though 
the latter explores nonequilibrium physics. 

When analyzing lateral quantum dots near a singlet- 
triplet degeneracy, it is important to determine how 
many modes (sometimes called "channels") take part in 
the Kondo screening of the two relevant orbitals. In the 
Coulomb-blockade regime, the quantum point contacts, 
which form the tunnel barriers, are pinched off, so each 
barrier can be viewed as a waveguide with only one prop- 
agating mode. This is different from vertical dots, where 
the geometry allows several propagation modes from each 
lead. If each of the two orbitals of the lateral dot couples 
to its own linear combination of the two modes, a triplet 
can be screened entirely and form a many-body singlet 
with the leads. For instance, assuming the two orbitals 
have different parity, the symmetric combination of the 
two modes from the leads will tend to screen the symmet- 
ric orbital, whereas the antisymmetric combination will 
tend to screen the antisymmetric one. There is a Kondo 
temperature associated with each of the two screening 
processes. In general, these two Kondo temperatures are 
expected to be different, so the many-body singlet forms 
in two steps, hence the name "two-stage Kondo effect." 
On the other hand, it is possible that one of the two com- 
binations of modes decouples, in which case the triplet 
can only be partially screened, resulting in a many-body 
doublet. The theory of Ref. 20 makes predictions for vari- 
ous degrees of coupling between the orbitals and the two 
combinations of modes. 

In this article we present a set of experiments designed 
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to test some of these predictions. We create an artificial 
atom containing four electrons and induce the transition 
from singlet to triplet by changing the confining poten- 
tial. 

Our paper is divided as follows. In section [HI details 
about the device studied and the measurement setup are 
provided. In section ITTTI we present differential conduc- 
tance data. The quantum dot is first emptied of all its 
electrons, and, once four electrons are added, the system 
is driven through a singlet-triplet crossover by deform- 
ing the dot potential with a side gate. The dependences 
of the conductance on drain-source voltage, temperature, 
and parallel magnetic field reveal that two different en- 
ergy scales characterize the triplet, as expected for the 
two-stage Kondo effect. A simple quadratic fit is used in 
section Hvl to extract the low energy scales in the zero- 
bias conductance data from the parallel magnetic field, 
temperature, and drain-source voltage dependences. It 
is the first time that the low energy scale is measured 
using a parallel magnetic field. The results are compared 
and discussed in section [V] where it is found that the 
low energy scale measured from the drain-source voltage 
dependence is higher than those measured from the tem- 
perature and parallel magnetic field dependences. We 
ascribe this difference to nonequilibrium effects. 



II. EXPERIMENTAL DETAILS 

The device studied is an artificial atom defined by elec- 
trostatic means in an Alo.3Gao.7As/GaAs heterostruc- 
ture grown by Molecular Beam Epitaxy, in which the 
2DEG is located 110 nm below the surface. Magneto- 
transport at dilution refrigerator temperatures reveals 
that the density of the 2DEG is 2.2 x 10 15 nT 2 and the 
mobility is 64 m 2 /Vs. We anneal NiGeAu pads to make 
ohmic contacts to the 2DEG. Large TiAu gate electrodes 
are patterned by photolithography, and submicron CrAu 
electrodes are defined by electron-beam lithography (see 
Fig. n for their geometry) . 

Applying negative voltages to the gate electrodes cre- 
ates an artificial atom of less than 400 nm diameter 
thanks to the depletion that occurs near the gates. Two 
remaining portions of 2DEG that are well coupled to the 
artificial atom and that lead to ohmic contacts are used 
as the drain and the source (labeled d and s on Fig.^} for 
transport measurements. The number of electrons on the 
artificial atom is controlled by the plunger gate voltage 
V g applied to electrode g, while the voltages (V r ,Vt,Vb) 
on electrodes r, t, and b (see Fig.[I} are used for the con- 
finement of the electrons and are usually held fixed. By 
adding a peak-to-peak modulation of 2.5 /iV to the DC 
voltage Vds applied between the drain and the source, 
the differential conductance dI/dVd s is measured with a 
current amplifier and a lock-in amplifier. 

The device is placed inside a dilution refrigerator with 
a base mixing chamber temperature below 10 mK and 
an electron base temperature of 30 mK. The sample is 
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FIG. 1: Electron micrograph of a device nominally identical 
to that under study. The four gate electrodes are labeled with 
the indices g, r, t, and b. The drain and source are indicated 
by d and s, respectively. Lead d is biased, while lead s stays 
at virtual ground. The bar corresponds to 1 fim. 

aligned so the magnetic field is parallel to the 2DEG to 
within 0.5°. Orbital effects can be neglected up to mag- 
netic fields such that the magnetic length due to the un- 
wanted perpendicular component becomes comparable to 
the dot size. For our alignment precision and dot size, 
orbital effects are expected to become significant only 
above Bn=3 T. 



III. RESULTS 

Devices with electrode patterns similar to those in 
Fig. ^ have been reported to be useful in the process of 
emptying a lateral dot of all its electrons^ Placing the 
drain and the source on the same side of the dot allows 
one to keep the couplings large enough to do transport 
measurements in the Kondo regime, even though most 
electrodes are biased very negatively. 

Figure |2fa) contains a differential conductance map 
that proves that the artificial atom can be emptied of all 
its electrons. The last Coulomb charging peak is clearly 
seen at V g =-1033 mV. The charging features at finite 
Vds on the left of this peak never close back again to 
form a diamond, even if Vds is increased beyond 8 mV of 
either polarity. Such large values of Vd s are much beyond 
the charging energy of the first Coulomb-blockade valley, 
which is Ui = (2.0 ± 0.2) meV. 

The remaining data discussed in this paper are from a 
different cool down. Once the dot has been emptied, it 
is easy to keep track of the electron number when tuning 
the voltages on various electrodes to search for a region 
of interest. The dl/dVds map in Fig. Etb) shows a range 
of V g where the first few electrons are added. The am- 
plitude of the first Coulomb charging peak, located at 
V g =-858 mV, is now very small compared to that of the 
subsequent ones. The dot rapidly becomes fairly open, as 
seen by the widening of the charging features as V g is in- 
creased. We have further checked that the first electron 
is added at V g =-858 mV by opening the constrictions 
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FIG. 2: (a) (color online) Logarithmic map of dl/dVds in the 
Vds-Vg plane showing that the artificial atom can be depleted 
of all its electrons. The constricting electrode voltages are 
at (V r ,V t ,Vb) = (-762,-904,-862) mV. (b) (color online) Log- 
arithmic dl/dVds map in the Vd s -V g plane from a separate 
cool down for (V r ,Vt,V b )=(-762,-904,-862) mV in a narrower 
range of Vds- The first charging feature is at V g =-858 mV. 
All data from this point on were taken in the same cool down. 



with V r and closing and symmetrizing with both Vt and 
Vb to make the first peak grow as tall as possible. This 
would make any features at more negative V g more easily 
observable. 

In order to study the two-stage Kondo effect, one needs 
to drive the dot into a triplet ground state. It is known 
from Ref^i that the deformation caused by varying the 
confining potential can induce a singlet-triplet transition 
when two orbitals come close enough to each other. Fig- 
ure shows the evolution of a region of dl/dVds as V r is 
made less negative. The central Coulomb-blockade dia- 
mond corresponds to the case with N=4 electrons on the 
dot. In Fig.^a), V r =-826 mV. In spite of the relatively 
low resolution of this first subfigure, the inelastic cotun- 
neling threshold, which varies with gate voltage, is visible 
at positive Vd s in the central diamond. This threshold 
is believed to result from internal excitations of the 4- 
electron artificial atom from a singlet ground state to a 
triplet excited state. When V r is increased to -804 mV, 
as seen in Fig. |Sfb), the excited state feature is closer 
to Vds=0 and can be seen for either sign of Vds- As ex- 
pected, the change in V r also causes a capacitive shift, 
which explains why the range of V, is moved to more 
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FIG. 3: Changing V r to induce a ground state singlet-triplet 
transition. The displayed range of V g is adjusted from (a) 
to (d) to take into account the capacitive shift induced by 
changes in V r . The gray scale is adjusted to enhance the rel- 
evant features, but white is low dl/dVds and black is high. 
(Vt,V b )=(-904,-862) mV in all the subfigures. (a) V r =- 
826 mV. In the middle diamond, the ground state is the sin- 
glet. The gate- voltage dependent, Kondo-enhanced inelastic 
cotunneling threshold for the excited triplet state is visible 
only at positive Vds- White (black) corresponds to (0.3) 
e 2 /h. (b) V r =-804 mV. The threshold to make the triplet 
excited state is now much closer to Vd s =0 and can be seen at 
either polarity. White (black) corresponds to (0.45) e 2 /h. 
(c) V r =-794 mV. The threshold for the triplet excitation has 
closed in even more toward Vd s =0. White (black) corresponds 
to (0.55) e 2 /h. (d) V r =-773 mV. The threshold has evolved 
into a broad Kondo peak with a dip in the middle. The new 
ground state is the triplet in the two-stage Kondo regime. 
White (black) corresponds to 0.2 (0.6) e 2 /h. (e) Differential 
conductance in the two-stage Kondo regime taken along the 
dashed line at V g = —571 mV in (d). (f) V r dependence of 
the position of the peak near the inelastic cotunneling thresh- 
old at positive Vds in the middle of the N=4 diamond (28 mV 
to the right of the left conductance peak). The dashed line in- 
dicates the value of V r where the ground state singlet-triplet 
transition occurs. A typical error bar is shown. The arrow 
indicates V r = —762 mV. 



negative values from one subfigure to the next. As V r is 
increased further to -794 mV and -773 mV (Figs.|3Ic) and 



(d)), the excited state evolves into a narrow dip at zero 
bias inside of a broader peak (see Fig.EJe) for an example 
of a trace at fixed V g ), typical of a triplet ground state. 
The additional broad features near ±0.4 mV probably 
correspond to higher-energy states with spin. 

Figure Elf) illustrates that changing V r allows the 
triplet to become the ground state. The position of the 
peaks near the inelastic cotunneling features at Vd s > 
is extracted near the middle of diamonds such as those 
in Fig. EI a ) to (d). The peak position is plotted as a 
function of V r over the range from -836 mV to -741 mV, 
and it is found to decrease before saturating. This is 
very similar to the behavior reported by Kogan et alw^ 
The ground state transition from a singlet to a triplet oc- 
curs near V r = —794 mV, i.e. where the behavior of the 
peak position becomes a constant slightly greater than 
zero. The Coulomb charging peak spacings observed in 
zero-bias conductance measurements as a function of V g 
remain constant as V r is increased in small steps over 
the range shown in Fig. Etf), indicating that we are in- 
deed studying a single dot. In the rest of this paper, the 
situation where V r =-762 mV, indicated by an arrow in 
Fig- Elf), will be studied in detail. 

Figure^a) shows the differential conductance dl/dVds 
as a function of Vds and V g for V r =-762 mV at zero mag- 
netic field and base temperature. The left diamond corre- 
sponds to the Coulomb-blockade valley with an electron 
number N=2. One can see inelastic cotunneling thresh- 
olds at Vds ~ ±0.25 mV that vary with gate voltage. The 
size of the cotunneling gap can be used to determine the 
energy separation between the singlet ground state and 
the triplet excited stated In the next diamond, where 
N=3, there is a very sharp feature at Vd s =0 that we as- 
sign to the spin- 1/2 Kondo effect. There is also an unusu- 
ally strong inelastic cotunneling feature away from zero 
bias, which must result from higher-lying states. The 
zero-bias conductance data taken under the same condi- 
tions as Fig. QJa) is presented in Fig. 0Jb). The valleys 
with N=4 and N=5 are difficult to distinguish on the 
dl/dVds plot, but it is very easy to locate all the charging 
peaks in this neighborhood by looking at the behavior of 
G(V g ). It is unclear why the charging features at nonzero 
Vds are very faint in Fig. ^a) for the Coulomb-charging 
peak between the valleys with N=4 and N=5. We focus 
our attention to the Coulomb-blockade valley with N=4. 

In Fig. Eta), we show an expanded version of the 
dl/dVds map for the Coulomb-blockade valley with N=4. 
For each trace of dl/dVds versus Vds at fixed V g in this 
valley, a peak is found with a small dip at zero bias. An 
example of such a trace is shown for B||=0 T and base 
temperature in Fig. E[ b) . In order to investigate whether 
this situation indeed describes the two-stage Kondo ef- 
fect, both the temperature and the parallel magnetic field 
dependences for the conductance throughout this valley 
have been measured. 

Measurements of dl/dVds versus Vds at the constant 
plunger gate voltage of V g =-595 mV are shown in the 
top panel of Fig. Elb), for three temperatures. At base 
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FIG. 4: (a) dl/dVds map in the Vd s -V g plane in the few- 
electron regime starting with the diamond for N=2, near 
V g =-700 mV. The constricting electrode voltages are at 
(V r ,Vt,Vb)=(-762,-904,-862) mV. A V g -dependent inelastic 
cotunneling threshold is observed in the N=2 diamond. The 
N=3 diamond shows the ordinary spin-1/2 Kondo effect. The 
N=4 and N=5 diamonds show a more complex behavior, (b) 
Zero- bias conductance G as a function of V g . These data can 
be compared directly with a trace of the dl/dVds map in (a) 
taken at Vd s =0. The number of electrons on the dot in each 
Coulomb-blockade valley is indicated. 



temperature, a clear zero-bias dip is observed in the 
wider zero-bias peak. A fit to a sum of two Lorentzians 
with amplitudes of opposite signs added to a constant 
background provides a reasonable fit to the data (not 
shown), allowing a rough estimate for the two Kondo 
scales involved. The wider Lorentzian has a width of or- 
der 100 fJ-eV, while the narrower one has a width of order 
40 /j,eV. The zero-bias dip has nearly disappeared for the 
T=100 mK trace, and the broadening of the underlying 
peak becomes obvious by T=320 mK. 

The bottom panel of Fig.EJb) shows dl/dVds curves for 
three different values of B||, taken at base temperature. 
At F3| | =0.8 T, the dip at zero bias is less pronounced than 
at B 1 1 =0 T. The Zeeman splitting of the central peak is 
obvious at B||=3 T. 

Figure El compares the dependences of dl/dVds on Vds, 
T, and B|| for a single value of V g . Figure EI a) shows an 
expanded version of one of the B||=0 T, base tempera- 
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FIG. 5: (a) dl/dVds map in the Vd s -V g plane for N=4 when 
(Vr,Vt,V b ) = (-762,-904,-862) mV at B N = T and base tem- 
perature. The suppression in the zero-bias peak in dl/dVds 
is ascribed to a two-stage Kondo effect in the triplet ground 
state. Because of hysteresis after sweeping to very negative 
V g , the features have moved to the left by 19 mV compared 
to Fig.lHb). (b) The top panel shows dI/dV ds as a function 
of Vds at V g =-595 mV (along the dashed line in (a)) at three 
different mixing chamber temperatures. T from bottom up: 
base temperature (< 10), 100, and 320 mK. The bottom panel 
shows the B|| evolution at V g =-595 mV. B|| from bottom up: 
0, 0.8, and 3.0 T. There is a 0.4 e 2 /h offset between the curves 
for clarity. 



ture curves in Fig. |5jb). As Vds is increased from zero, 
dl/dVds first increases and then decreases. A similar 
non-monotonic dependence on temperature is seen in the 
zero-bias conductance G, as shown in Fig.[|Jb). Finally, 
the parallel magnetic field dependence of G is plotted 
in Fig. EIc), and it also has a non-monotonic behavior. 
The non-monotonic dependence found for dI/dVd s (Vd s ), 
G(T), and G(B||) is in qualitative agreement with the 
prediction of RefiSS for the two-stage Kondo effect that 
occurs when the triplet is screened by two modes. 



IV. ANALYSIS 

In order to extract the low energy scales from the de- 
pendences of dI/dVd s on Vds, T, and B|| at fixed V g , 
we follow Ref*2S. Each dependence is predicted to be 
quadratic in lowest order. Summarizing all three depen- 
dences into one equation, the differential conductance in 
units of e 2 /h is predicted to depend on (Vd s ,T,B||) in the 
following way: 
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FIG. 6: (a) dl/dVds vs. Vds at a constant V g =-595 mV (dots). 
A fit to Eq. 1 is shown near V ds =0 (solid curve), (b) Mix- 
ing chamber temperature dependence of the zero-bias con- 
ductance G at V g =-595 mV (circles). The fit to Eq. 1 is also 
shown (solid curve) . The dashed curve is the fit from (a) with 
the Vds axis converted into temperature, (c) B|| dependence 
of G at V g =-595 mV (circles). The solid curve shows the fit 
to Eq. 1. The dashed curve is the fit from (a) with the Vds 
axis converted into magnetic field using \g\ = 0.33 (see text). 



This equation has four parameters: Go and (Vd s ,T*,j_>|i ; 
Go is the zero-bias conductance at the fixed value of 
V g chosen. Any parameter among (Vd s ,T*,Bn) is in- 
versely proportional to the square root of the curvature 
of dl/dVds along the axis of the corresponding indepen- 
dent variable. The "star" parameters are simply related 
to the low energy scale of the two-stage Kondo system 
probed in three different ways. 

In the experiments, only one quantity out of 
(Vds,T,B||) is varied at once. Therefore, for a given data 
set such as those in Fig. |B| the other two quantities are 
set to zero in Eq. ^ This means this equation can be 
used to perform a two-parameter fit on the data points 
of dI/dV ds (V ds ), G(T), or G(B||). The mixing chamber 
temperature is nonzero and the electron temperature is 
even larger, so corrections to Go and T are expected. 
However, analysis shows that these corrections are in fact 
very small compared to the uncertainties in the data and 
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the fitting procedure. 

The fit of the form of Eq.fflto data of G(B||) at V g =- 
595 mV is shown as a solid curve in Fig.[|Jc). The same 
type of fit can be repeated for all values of V g in the 
Coulomb-blockade valley with N=4. These results are 
contained in Fig. [7] To our knowledge, it is the first time 
that measurements of B|j are reported. Most authors 
who have studied similar systems have used a perpendic- 
ular magnetic field to access the triplet statei£i& A gate 
voltage serves this purpose here, which allows the use of a 
parallel magnetic field as a perturbation to measure Bjj . 

Eq. n can also be used to extract the low energy 
scales for the T and Vd s dependences, T* and Vj s , 
respectively^ For V g =-595 mV, the fit for dI/dV ds (V ds ) 
is plotted as a solid curve in Fig. HJa), while the fit for 
G(T) is shown as a solid curve in Fig. 0b) . A standard 
conversion into energy is performed to compare eV ds , 
fceT*, and |g|//sB*| (with the g-factor \g\ = 0.33 and 
the Bohr magneton /is = 58 /ieV/T). The results for the 
three scales are displayed in Fig. 0as a function of V g . 
The quantity eV^ s is significantly larger than fc^T* and 
|g|^sB*|. The Vd s > portion of the fit in Fig. EJa) is 
shown as a dashed curve in Figs.HJb) and (c) as another 
illustration of this difference. 
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FIG. 7: Low energies eVJ s (circles), |g|/xgB*| (triangles), and 
fcsT* (squares) extracted from fits to Eq. 1 as a function of 
V g for N=4. Representative error bars are shown. 



The value \g\ = 0.33 ± 0.02 used to convert B|j into 
energy is extracted at V g = —637 mV, i.e. for N=3 and 
S = 1/2, from the slope of the splitting of the spin- 
flip inelastic cotunneling threshold versus B|| up to 3 T 
(not shown). This method is described in more detail 
elsewhere^ This value of \g\ agrees well with the value 
\g\ = 0.32 ± 0.02 extracted from another sample made 
on the same heterostructure with an odd number of elec- 
trons for B|| up to 5 T. The value \g\ = 0.33 ± 0.02 from 
the N=3 case is used for the conversion of Bj*j into energy. 



V. DISCUSSION AND CONCLUSIONS 

From Fig. [7| one sees that the low energy scales for 
the temperature and B|| dependences agree very well, as 
expected. 20 However, the scale determined from the volt- 
age dependence is significantly larger. The scale eV^ is 
obtained by applying a finite source-drain voltage, which 
takes the system out of equilibrium. In contrast, |g|/isB|j 
and /cgT* are extracted in equilibrium from the zero-bias 
conductance. Nonequilibrium effects may therefore be 
the cause of this discrepancy. 

The low energy scales Ei extracted from our measure- 
ments vary roughly by a factor three over the range of 
V g displayed in Fig. [7| Hofstetter and Zarand 20 predict 
that Ei decreases exponentially as the energy spacing A 
between the orbitals decreases when A is less than 2E$, 
where E$ is the (ferromagnetic) exchange energy. Thus 
one expects the exponential dependence when the triplet 
is the ground state. 

Figure[3ff) shows the transition from singlet to triplet, 
very similar to those studied by Kogan et al} 1 These au- 
thors have extracted Es — (0.08 ± 0.04) meV from a sit- 
uation where two transitions, into and out of the triplet, 
occur within one Coulomb-blockade diamond, thanks to 
the change in dot shape induced by a gate electrode. 
In the present experiment, the sensitivity of the singlet- 
triplet excitation energy to V g (on the singlet side of the 
transition) is smaller than in that of Kogan et al. The 
slope of the inelastic cotunneling feature corresponding to 
the triplet excited state in the Vd s -V g plane in Fig.^a) is 
6.39 x 10 -3 e, which is more than three times smaller than 
the value 1.95 x 10~ 2 e found by Kogan et al. However, 
Kogan et al. have reported slopes in the range 5 x 10 -3 e 
to 2 x 10~ 2 e, depending on the voltage configuration on 
the confinement electrodes. This implies that the sensi- 
tivity of the singlet-triplet excitation energy depends not 
only on the geometry of the electrodes, but also on the 
exact dot shape created by the energized electrodes. 

In our experiment, we observe only one transition, from 
the singlet to the triplet, and not the one back to the 
singlet; therefore, we cannot determine Es- Examin- 
ing the singlet-triplet excitation energy as a function of 
V r reveals a dependence that is approximately linear in 
V r away from the transition. This allows us to put a 
lower bound on the exchange energy of Es > 0.15 meV. 
Nonetheless, the data of Fig.[3{f) make it clear that, for 
the experiments in Fig. \7\ the triplet is the ground state 
and that the exponential dependence of Ei on A is ex- 
pected. 

We note that two energy scales in the Kondo effect have 
also been predicted for double dots. (See Cornaglia and 
Grempel- 3 , and references therein.) However, in double 
dots the exchange is antiferromagnetic, whereas in sin- 
gle dots, like ours, it is ferromagnetic, so the mechanism 
leading to the two-stage Kondo effect is different. 

The two- level model used by Kogan et al., which in- 
cludes a mixing between the orbitals proportional to the 
change in V g , predicts that the two orbitals repel each 
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other and undergo an avoided crossing. Such an avoided 
crossing is also expected in our experiments, and it causes 
A to vary quadratically with gate voltage near its min- 
imum. The slow variation of Ei with V g may occur be- 
cause the avoided crossing prevents A from decreasing to 
zero. Thus, even if Ei were exponential in A, it would 
not be exponential in V g . It is also possible that the sym- 
metry between the two modes leads to saturation^ and 
this effect is yet another candidate to explain the slow 
variation of E\ with V g . 

In summary, a lateral quantum dot with four electrons 
has been driven through a singlet-triplet crossover. Be- 
havior consistent with a two-stage Kondo description is 
found for the triplet. The lower energy scales Bfj, V^ s , 
and T* have been extracted. It is found that fc^T* is 
in good quantitative agreement with |g|/isB*|, but that 
eV^ s is larger, probably because of nonequilibrium ef- 



fects. 
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